Introduction
Introduction
Acute kidney injury (AKI) is common in the intensive care unit (ICU) [1, 2] and often requires renal replacement therapy (RRT) [1, 3] . Despite technical advances in the management of AKI over the last several years [4, 5] , ICU mortality is still high at approximately 40 to 50%. Several factors were reported to predict mortality in AKI patients [1, 6] , and fluid overload at the time of RRT is a well-known predictor of patient survival [1, [7] [8] [9] . In previous studies, fluid overload was quantified as an arithmetical calculation: the sum of the daily fluid intake minus the total output adjusted by the body weight. Although this type of quantification is the easiest and most basic method of assessing volume status, this method is not applicable unless a detailed record of input and output status is available. In addition, this method calculates only the excess total body water (TBW) and cannot differentiate water excess in individual water compartments.
Bioimpedance analysis had long been used in the measurement of the nutritional part of body composition, such as fat mass or fat-free mass in the diverse condition [10, 11] . Recently it has been used as a promising tool for the measurement of volume status [12] . With the electrical properties of body tissues [11, 13, 14] , multifrequency-bioimpedance analysis (MF-BIA) differentiates extracellular water (ECW) or intracellular water (ICW) from total body water (TBW) using different frequencies: 0, 1, 5, 50, 100, 200, 500 or 1,000 kHz [13, 14] . ECW is quantified using the data obtained from low frequencies (e.g., 1 or 5 kHz), and TBW is quantified using the data from higher frequencies (e.g., 200, 500 or 1,000 kHz) [15, 16] . ICW can be assessed by subtracting the values measured from the two water compartments [16] .
To date, several studies have demonstrated the accuracy and clinical usefulness of MF-BIA in chronic hemodialysis or peritoneal dialysis patients [17] [18] [19] . Additionally, in a septic AKI patient, MF-BIA was useful in assessing volume status and net fluid removal by continuous veno-venous hemofiltration successfully reduced TBW, ECW and ICW [20] . However, data on the MF-BIA defined volume status and the clinical outcome of AKI patients who are undergoing continuous veno-venous hemodiafiltration (CVVHDF) are limited [20] . We hypothesized MF-BIA-defined volume overload could be a useful predictor of mortality in patients with AKI. This study aims to investigate this issue and further analyze the effect of fluid accumulation in different compartments on in-hospital mortality.
Methods Subjects
This investigation was a single-center, retrospective study based on consecutively collected data from AKI patients who underwent CVVHDF in the ICU between Jan. 2013 and Feb. 2014. All 327 patients were screened for eligibility. We excluded patients who were 18 years or younger and female patients to control for sex-based differences in the interpretation of the MF-BIA-defined volume status. Patients with a peripheral amputation and patients with a cardiac pacemaker or a defibrillator, for whom we were unable to use the BIA analyzer due to these conditions, were also excluded. Approval to perform anonymous analyses of routinely collected clinical data with a waiver of informed consent was obtained from the Pusan National University IRB Committee [E-2014026] . Due to the retrospective study design, the informed consent was exempt from review according to the IRB, and each patient record was anonymized and de-identified prior to analysis.
Assessment of body fluid volume using MF-BIA
A single well-trained nurse assessed body fluid volume at the time of CVVHDF initiation, according to the standard AKI protocol of our clinic, using an Inbody S20 system (Biospace, Seoul, Korea). Inbody S20 system measures the electrical responses at multiple frequencies between 1 and 1,000 kHz and estimates ECW and TBW in accordance with reactance and resistance [21] . Measurements were obtained in the supine position, using an eight-hand and foot tactile electrode system. The input variables included the patients' age, sex, height and actual body weight.
Data collection and CVVHDF management
Demographic, anthropometric and biochemical data were collected at the time of CVVHDF initiation. The MF-BIA-defined volume status was expressed in liters and normalized based on height squared. We reviewed the indications for CVVHDF initiation, assessed a degree of organ dysfunction using the Sequential Organ Failure Assessment (SOFA) score and disease severity was scored using the Acute Physiology and Chronic Health Evaluation (APACH) II and the Simplified Acute Physiology Score (SAPS) II. We also reviewed the CVVHDF-associated treatment history. The decision to start renal replacement therapy was made when the urine output continued to decrease for more than 12 hours, despite all efforts to control for a correctable cause of AKI or when the medically uncontrolled pulmonary edema or acidemia was defined. CVVHDF was selected as a RRT modality in those situations with hemodynamic instability, acute brain injury or generalized brain edema. The CVVHDF initiation time was assessed as the time from admission to the ICU to the CVVHDF application. Vascular access was achieved via the internal jugular vein or the femoral vein. CVVHDF was performed in all patients using a Prismaflex with AN 69 ST membrane. Heparin was used as an anticoagulant in most cases, and nafamostat mesilate was used in patients with a tendency toward increased bleeding. Hemosol was replaced using pre-and post-dilution methods at a proportion of 2:1. The initial blood flow rate was 100 mL/min, and the blood flow was increased to 150 mL/min based on the patient's condition. The dose of CVVHDF was prescribed as 40 mL/kg/hr due to the frequent discontinuation of CVVHDF, and the actual delivered dose was calculated using the effluent flow rate with a correction for the percentage of predilution.
Patient outcome
In-hospital mortality was identified during a medical chart review. We defined in-hospital mortality as death during the hospital stay, including death in the general ward after discharge from the ICU.
Statistical Analysis
The data were analyzed using SPSS for Windows, version 17.0 (SPSS Inc., Chicago, IL, USA). For continuous variables, the mean ± standard deviation was used to describe normally distributed data, and other data were described using the median. BIA-measured parameters, such as resistance (R), reactance (Xc) and impedance (Z) were normalized with height (H) and BIAdefined ICW, ECW and TBW were normalized based on height squared (H 2 ) [22] . , we used a linear by linear association. The choice of which variables to include in the equation was based on the results of univariable analyses, where each parameter and in-hospital mortality have a demonstrated association (p<0.1). We also included variables based on empirical evidence where definitive association between in-hospital mortality and an independent variable has been demonstrated in previous studies. Factors that fell under the BMI and SOFA scores were excluded during the adjustment to avoid overlapping. Finally, the following factors were adjusted in the multivariable analyses: age, BMI, the presence of sepsis [25] , TBW/H 2 , SOFA score, actual CVVHDF dose [26, 27] , CVVHDF initiation time, prothrombin time (PT) and serum albumin levels. Binary logistic regression analyses were performed to find out independent factors in predicting in-hospital mortality. To avoid multicollinearity or near-linear dependence among the regression variables, we tested the variance inflation factor (VIF), and variables that had a VIF value greater than 10 were analyzed in the separate model. P values less than 0.05 were considered to be statistically significant.
Results

Patient characteristics
A total of 208 patients were analyzed in this study (Fig 1) . The mean age was 65.19±12.90 years, and the mean BMI was 22.62±3.21 kg/m 2 . At the time of ICU admission for the treatment of AKI, the mean SOFA score was 10.61±3.98, and CVVHDF was initiated a mean of 1.38±3.06 days after admission to the ICU. All of the patients were prescribed CVVHDF at a target dose of 40 mL/kg/hr; the mean delivered dose was 31.62±9.72 mL/kg/hr. Septic shock was the underlying disease most probably leading to AKI (Table 1) . When we compared the patient characteristics according to the TBW/H 2 group, weight and BMI were lowest in the 1 st quartile. ICW/H 2 and ECW/H 2 exhibited an increasing trend in accordance with the TBW/H 2 quartile. Disease severity, the presence of septic AKI and laboratory values were not different between the groups, and the treatment intensities were similar except for the actual delivered dose of CVVHDF. Detailed information concerning the patient characteristics and treatment history is provided in Table 2 .
Correlations between the MF-BIA-defined TBW and BIVA When the BIVA results were displayed graphically, the vector lengths decreased with an increasing quartile of TBW/H 2 ( Fig 2) .
MF-BIA-defined total body water and in-hospital mortality
A total of 84 (40.4%) patients died during their hospital stay. As shown in Fig 3, (p = 0.026) (Fig 3) . In the univariable analyses, younger age, heavier weight, larger body fluid (i.e., TBW/H 2 , ECW/H 2 and ICW/H 2 ), higher SOFA scores, higher APACH II score, delayed CVVHDF initiation time, lower serum creatinine and albumin levels, and higher PT values were significantly associated with in-hospital mortality ( serum albumin levels was still a significant predictor for the in-hospital mortality in this cohort (S1 Table) .
MF-BIA-defined intracellular water and in-hospital mortality
Because the Inbody S20 can differentiate ICW or ECW from TBW, we further analyzed harmful hypervolemic effects according to each fluid compartment. The amount of ICW/H 2 and ECW/H 2 was positively correlated with TBW/H 2 ( Table 3) . To avoid multicollinearity, the effect of compartmental fluid accumulation was analyzed using a separate model. As shown in Table 6 , the fluid accumulation in the intracellular compartment was independently associated with in-hospital mortality; however, the fluid accumulation in the extracellular compartment was not an independent predictor of in-hospital mortality when adjustments were made for age, BMI, the presence of sepsis, SOFA score, actual CVVHDF dose, CVVHDF initiation time, PT and serum albumin levels. These results remained same when the disease severity was adjusted with APACH II or SAPS II instead of SOFA score (S1 Table) .
MF-BIA-defined fluid status in the septic AKI patients
Because septic AKI comprises a large proportion of this cohort (Table 1) , we performed subgroup analysis. The most common cause of sepsis was pneumonia, and the second most common cause was colitis (Table 7) . We analyzed volume status according to each cause of sepsis; however, it was not significantly different (data not shown) because fluid resuscitation usually preceded CVVHDF and MF-BIA was checked at the time of CVVHDF initiation. When the multivariable analyses were performed, TBW/H 2 and ICW/H 2 remained independent predictors of in-hospital mortality along with the delayed CVVHDF initiation time and lower serum albumin level. However, ECW/H 2 did not predict mortality in the septic male AKI patients (Table 8) . In chronic hemodialysis (HD) patients, excess fluid accumulates primarily in the extracellular compartment [28, 29] . In Wizemann et al.'s study, the amount of excess ECW was an independent predictor of mortality in chronic HD patients [30] , and in Moissl et al.'s study, BIA guided ECW removal improved overall fluid status and blood pressure in HD patients [31] . However, in patients with AKI, excess fluid can accumulate in both the intra-and extracellular compartments due to increased capillary and cell membrane permeability caused by increased inflammatory reactions [32] . Microvascular permeability is particularly increased during sepsis, thus more fluid can be accumulated in the intracellular compartment. In a study of Dabrowski et al., which analyzed body fluid status in septic AKI patients, body fluid accumulated both in the extra and intra-cellular compartment and successful fluid removal in both compartments was associated with favorable clinical outcomes [20] . In the present study, ICW/H 2 was an important predictor of in-hospital mortality and its performance exceeded the SOFA score, especially in the septic AKI patients. It was still effective when another ICU scoring system, such as the APACH II or the SAPS II, was adjusted instead of the SOFA. Thus, the excess intracellular fluid might be harmful by itself in the septic male AKI patients undergoing CVVHDF.
The integrity of the cell membrane can be assessed based on the phase angle when using MF-BIA [24, 33] . The phase angle is the arc tangent of Xc/R and represents the phase difference between voltage and current [24] . When a current passes through cells, a portion of the electrical current is stored and subsequently released in a different phase [33] . In previous studies, phase angle was known to represent the cellular health, and a lower phase angle was a predictive marker of mortality [34, 35] and a phase angle <5.38°was a significant predictor of mortality in patients with HIV [36] . In the present study, the mean phase angle was 3.93±2.41°, Abbreviations: BMI, body mass index; ECW, extracelluar water; TBW, total body water; ICW, intracellular water, MAP, mean arterial pressure; SOFA, sequential organ failure assessment; CVVHDF, continuous veno-venous hemodiafiltration; BUN, blood urea nitrogen; Na, sodium; K, potassium; PT, prothrombin time.
doi:10.1371/journal.pone.0133199.t004 Table 5 . Binary logistic regression analysis results predicting in hospital mortality in patients with AKI requiring CVVHDF therapy. which was relatively lower than the cutoff value of the previous literature. However, in the present study, the phase angle did not show any statistical significance in the prediction of in-hospital mortality. It is tempting to speculate that the phase angle also be affected by the increased ICW/ECW ratio. When the bioimpedance analyzer measures volume status, the electrical current only passes the ionized water compartments within the body and thus the volume of TBW can be estimated from resistance. Reactance reflects the ability of cell membranes to act as imperfect capacitors. Phase angle is the relation between these two vector components of impedance. Therefore, phase angle is affected by the distribution of water between the intraand extracellular spaces and a high phase angle corresponds to an increased ICW/ECW ratio [37, 38] . The previous studies analyzed the relationship between the phase angle and mortality in a steady state in which ICW/ECW ratio was constant. However, in the present study, the ICW/ECW ratio was different for each of the TBW/H 2 quartiles and it is possible that the difference of the ICW/ECW ratio observed affects the phase angle in a way that reflects cellular health or mortality reported here. The electrical data from MF-BIA can be expressed in many ways: raw electrical data can be directly analyzed by vector plot (BIVA) or the raw data could be interpolated into liters of body fluid, adjusting for height and weight (i.e., TBW, in liters) [22] . Although the latter form of data is more intuitive and easy to use, these data can be highly influenced by height or weight, thus they need normalization. In the previous literatures, BIVA data were usually normalized with height [24, 39] . In a similar way, we adjusted MF-BIA defined volume parameters with height but these parameters still had strong correlations with height. To remove this association, we normalized the parameters to height squared and thus could remove their associations with height. BIVA expresses volume status with raw impedance data that are independent of height or weight. It is an excellent indicator of TBW and the most-verified method in expressing volume status [33, 40] . In the present study, before we used the Inbody-reported TBW, we compared the obtained values with the vector analysis data. In a vector plot, shorter length is associated with increased fluid volume [24] . In the present study, vector length decreased with the increasing quartile of TBW/H 2 . In addition, as shown in previous studies [40] [41] [42] , the resistance and impedance values adjusted with height exhibited a significant negative correlation with the TBW/H 2 . However, we could not compare this value with the Inbody-reported ICW or ECW because vector analysis data at 50 kHz reflect only the amount of TBW.
The ECW/TBW ratio is an easy and intuitive method for expressing volume status and a well-validated predictor of survival [22] . However, this parameter was not related to the TBW/ H 2 and was not a predictor of in-hospital mortality in the present study. In a steady state, excess fluid usually accumulates in the extracellular compartment. Therefore, increased ratio of ECW/TBW is a good marker for the expression of fluid overload. However, in a critically ill condition such as AKI fluid can be accumulated in the intracellular compartment. Therefore, ECW/TBW can be decreased in the fluid excess condition, if the degree of ICW excess surpasses ECW excess. Thus, this parameter might be better interpreted as a parameter of overhydration only in the steady state. In the present study, the actual delivered CVVHDF dose varied, although the prescribed dose was consistent at 40 mL/kg/hr according to the CVVHDF protocol of our clinic. In the present study, the doses decreased in accordance with the increasing TBW/H 2 quartile, which might be due to the more frequent interruption of CVVHDF during Hemosol bag changes in heavier patients. Because the actual delivered dose is an important element of the CVVHDF treatment that affects patient survival [43, 44] , a lower dose in the higher TBW/H 2 group might contribute to lower patient survival. In the present study the actually delivered dose of CVVHDF was low in some patients; the lowest mean dose was 29.65±8.19 mL/kg/hr in 4 th quartile, and its efficiency was rather poor. Similar effect of low dose CVVHDF was presented in ATN and RENAL trials [26, 45] . Our data have several limitations. First, we did not consider intra-abdominal pressure, which could falsely increase lower limb venous pressure, thereby overestimating overall fluid volume [46] . Second, we did not calculate the volume excess using the arithmetical method and compare that value with the Inbody-reported data. Third, we did not analyze the MF-BIAdefined volume effect in female patients. Finally, we did not assess the removal of retained ICW or inter compartmental fluid shift during CVVHDF; the clinical outcomes of these approaches should be analyzed in a prospective cohort. However, our study is valuable because it is the first to report on the association between MF-BIA-defined volume status and in-hospital mortality in the context of AKI. In addition, the findings underscore the importance of excess ICW/H 2 in male AKI patients who are undergoing CVVHDF.
In conclusion, MF-BIA-defined excess TBW/H 2 measured at the time of RRT initiation is an important determinant of in-hospital mortality in male patients with AKI who are undergoing CVVHDF. Further work based on this result is needed to confirm the importance of ICW/ H 2 excess and the survival benefit of removing this excess during successful CVVHDF treatment.
Supporting Information S1 Table. Factors associated with in-hospital mortality in patients with AKI requiring CVVHDF according to the different ICU scoring system.
S2 Table. STROBE statement checklist of items included in this study.
